Introduction
Bismuth vanadate (BiV0 4 ) was first synthesized by Roth [7] and electron paramagnetic resonance (EPR) [8, 9] to study the structural changes, phase transitions and optical properties. Ferroelastics have received considerable attention in recent years, and the BiV0 4 crystal may prove to be a promising material for acousto-optics [10], In this paper, the quadrupole coupling constant, the asymmetry parameter and the directions of the principal axes of the electric field gradient (efg) tensor are discussed for the 51 51 V and 209 Bi are both 100% naturally abundant with nuclear spin of 7/2 and 9/2, respectively. EPR of Mn 2+ [13, 14] and Fe 3+ [15] contained in BiV0 4 crystals as impurities has been investigated using X-and Q-band spectrometers. The relationship between the principal axes of the zero field splitting (zfs) tensor and crystallographic axes is examined by means of the rotation patterns of the EPR spectra and is discussed in terms of the defect
Crystal Structure
It is known that this material undergoes a reversible second-order phase transition at about 523 K between the monoclinic fergusonite structure (space group I2/a(Cf h )) and the tetragonal scheelite (space group I4 1 /a(C 4 J) structure [19] . The paraelastic tetragonal structure of BiV0 4 is shown in Fig. 1 , where the structural parameters are a = c = 5.1509 Ä, and b= 11.730 Ä at 573 K. At room temperature the lattice parameters are a = 5.1966, b = 11.704, c = 5.0921 Ä, and ß = 90.384°. The monoclinic phase has distortions from the scheelite structure due to small displacements of Bi 3+ and V 5+ cations along the b-axis [4] . The displacements of Bi 3+ play a major role in the transition [20] . In the ferroelastic phase, the vanadium atom is located with different bond lengths (V-O, and V-O,,) in a distorted oxygen tetrahedron, and the bismuth atom is coordinated by eight distorted V0 4 tetrahedra. The crystallographic data show that the monoclinic axis is parallel to the crystallographic b-axis [21] , and the crystal may be treated as 0932-0784 / 96 / 0500-603 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 51 V, 209 Bi, Mn 2 + , and Fe 3+ in BiV0 4 Single Crystals orthorhombic as an approximation due to the fact that ß = 90.384° is so close to 90.0°.
Experimental Results and Analysis
BiV0 4 single crystals were grown by the Czochralski method from a mixture of Bi 2 0 3 (3N) and V 2 0 5 (3N) powder [6] . The orientation of the specimen was determined by the x-ray Laue method [11] .
NMR of 51 V
NMR of 51 V (I = 7/2) has been investigated in the ferro-and paraelastic phase of BiV0 4 . The seven line structure of 51 V is due to the quadrupole interaction of the vanadium nucleus which has the nuclear spin of 7/2 as shown in Figure 2 . A WL-112 Varian NMR spectrometer was employed. The rotation patterns measured in the ab-, be*-, and c* a-plane as shown in Fig. 3 a turned out to be in the principal planes of the efg tensor. The c*-axis was chosen to be perpendicular to the ab-plane, but it is nearly parallel to the c-axis, since ß is slightly different from 90.0°. The maximum separation due to the quadrupole interaction was observed when the magnetic field was applied along the 6-axis of the crystal, and this direction is analyzed to be the Z-axis of the efg tensor. The resonance fields in the ferroelastic phase show angular dependence, whereas no angular dependence was observed in the ac*-plane above T c , as shown in Figure 3 b.
NMR of 209 Bi
The 209 Bi nucleus has the nuclear spin I = 9/2, which may lead to nine allowed NMR transitions. However, as a result of large quadrupole interaction and wide linewidths, the detected signals were very weak, and the signal-to-noise ratio was only 3 to 1 as shown in Figure 4 . At best only three lines due to a large quadrupole interaction were measured at a fixed frequency of 6 MHz in the crystallographic planes. The rotation patterns measured in crystallographic planes turned out to be different from the principal planes of the efg tensor, as shown in Figure 5 . However, the maximum separation of the pattern was extrapolated to the b-axis of the crystal.
NMR Hamiltonian
The Hamiltonian to analyze these NMR results is as usual
where H Z is the nuclear Zeeman term and H Q describes the nuclear quadrupole interaction of the resonant nucleus ( 51 V and 209 Bi, respectively). The Zeeman interaction is given by
where g n is the nuclear g-factor, ß n the nuclear magneton ( = = 5.05082 x 1CT 27 
EPR of Mn 2 +
The manganese ion was not doped by us into the crystal but was in the starting material as an impurity. A typical spectrum of Mn 2 + in BiV0 4 obtained with an X-band spectrometer is shown in Figure 8 . The five groups of lines are the fine structure of Mn 2 + (S = 5/2), and the six lines within each group are the hyperfine structure of 55 Mn (I = 5/2, 100% abundance). For the EPR measurements a Bruker EPR spectrometer (ESP 300 series) was used. The rotation patterns of the 511 fine structure on the crystallographic ab-, be*-, and c*a-planes were obtained at 1° or 2° intervals and displayed in Figures 9 and 10 . From the experimental data for the three crystallographic planes, the accuracy of the sample alignment is estimated to be within ± 1.0°.
The data points of Mn 2 + resonance in Fig. 9 show a symmetric angular dependence. Thus, one principal axis of the zero-field splitting tensor automatically turns out to be along the fr-axis for which the rotation patterns are symmetric on the ab-and bc*-planes. Consequently, the remaining two principal axes are on the c* a-plane, perpendicular to the b-axis. Accordingly, from the angular dependence of the resonance fields on the c*a-plane (Fig. 10) , the two other principal axes of the zero-field splitting tensor are determined to be c* + 45° and a + 45°, respectively. The maximum separation of the resonance fields due to the D-tensor was observed when the magnetic field was applied along the a 4-45° direction in the c* a-plane of the crystal, and this direction was designated as the Z-axis of the D-tensor.
EPR of Fe* +
The rotation patterns of the resonance fields of Fe 3+ in BiV0 4 were obtained at room temperature on the crystallographic ab-, be*-, and c*a-plane with a Q-band spectrometer instead of X-band, and displayed in Figures 11 and 12 . The data points in the aband 6c*-plane show a symmetric angular dependence. One principal axis of the zfs tensor automatically turns out to be along the b-axis, for which the rotation patterns are symmetric on the ab-and bc*-plane. Consequently, the remaining two principal axes are on the c*a-plane, perpendicular to the b-axis. Accordingly, from the angular dependence of the resonance fields 3+ in BiV0 4 Single Crystals on the c* a-plane the two other principal axes of the zfs tensor are determined to be about c* + 30° and a + 30°, respectively. The maximum separation of the resonance fields due to the D-tensor was extrapolated to the b-axis when the magnetic field was applied along the b direction in the ab-and be*-planes of the crystal, and this direction was designated as the Z-axis of D-tensor.
MAGNETIC FIELD (T)

Spin Hamiltonian
The where the terms on the right-hand side are the electronic Zeeman, the zero field splitting, the hyperfine, the nuclear Zeeman, and the quadrupole interaction, respectively. The terms in (6) may be expressed as
H nZ =-g"ß n BI,
The zfs Hamiltonian in terms of Stevens operators (5 X , S y , S z ) for spin S = 5/2 has the following explicit form [25] [26] [27] :
HTs = B°20°2 + B\ 0\ + B°4 02 + B* Ot. (8)
For the case of the C 2 -axis parallel to the y-axis as in BiV0 4 , the monoclinic term takes the form [27] H™" = B The spin Hamiltonian parameters were determined by a least-squares fit to the experimental data, measured on the crystallographic ab-, be*-, and c* a-plane. Since the hyperfine interaction of Mn 2+ turns out to be much smaller than the Zeeman and zero field split- are shown in Figure 13 . Both parameters are found to decrease with increasing temperature. Furthermore, r] turns out to decrease continuously down to zero at T c . This indicates that r] can be considered as order parameter of the second-order phase transition of BiV0 4 . The temperature dependence of the second order zero field splitting parameters D and E of Mn 2 + has been also studied, as shown in Figure 14 [14] . Both parameters decrease with increasing temperature. They go to zero almost continuously as the temperature approaches T c . This dependence is also consistent with the second-order phase transition at T c .
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H nZ , and H Q terms are absent for the analysis. The spin Hamiltonian parameters determined by a leastsquares fit to the Q-band data are summarized in Table 3 [18] .
Temperature Dependence
The temperature dependence of the quadrupole coupling constant, e 2 qQ/h, and asymmetry parameter, t], of 51 V has also been investigated, in the temperature range of 130-400 K [16] , and the results
Calculation of Zero Field Splitting Parameters
The zfs parameters for Mn 2 + , assumed either at the Bi 3+ or V 5+ site in BiV0 4 crystal, were calculated using the point-charge model and the superposition model [17] . The results are summarized in Table 4 . The calculated values of the second-order axial (D) and rhombic (£) component at the Bi 3 + site turn out to be very similar to the values obtained from our experiment.
Similar calculations for Fe 3+ were also performed with the superposition model. The results are dis- Table 2 . If the axes system of the Mn, center is transformed to ours, the Mn, center could be better represented by the parameters of our work [13] .
As can be seen in Fig. 17 , the Z-axis of the D-tensor is along the direction of the shorter Bi-V0 4 bond (7.2514 Ä), and the 7-axis is along the longer one (7.3000 Ä). This slight difference is well demonstrated in Figure 10 . As far as the ionic charge state is concerned, Mn 2+ is closer to Bi 3+ than to V 5 + . The zfs parameters D and E for the Mn 2+ center in a BiV0 4 crystal are calculated using the point charge model (pern) and the superposition model (spm) [17] . The calculated second-order axial and rhombic zfs parameters at the Bi site turn out to be similar to those from experiment. The spm and pem give similar results, as summarized in Table 4 . Considering all these possibilities, we propose that Mn (Figure 18) . In addition, the V-O bonds in the V0 4 tetrahedra make angles of approximately 28° and 120° to the tf-axis [19] . These angles are very similar to 30° and 120° of the principal axes for the D-tensor with respect to the crystallographic axes system. 
Summary
Nuclear magnetic resonance spectra of 51 V and 209 Bi in BiV0 4 single crystals have been investigated by employing a Varian and a Bruker MSL 200 NMR spectrometers. The quadrupole coupling parameters (e 2 qQ/h and rj) and the principal axes of the efg tensor for 51 V and 209 Bi were determined for the first time. From the temperature dependence of the 51 V spectrum, it was found that the asymmetry parameter decreases down to zero continuously with increasing temperature to the Curie temperature (T c = 523 K).
Electron paramagnetic resonance of Mn 2+ and Fe 3+ ions in BiV0 4 have been studied with X-and Q-band EPR spectrometers (Bruker ESP 300). The zfs parameters and the principal axes of D-tensor for Mn 2+ and Fe 3+ ions have also been determined for the first time. The axial zfs parameter D and the rhombic parameter E were found to decrease with increasing temperature, and they went to zero almost continuously at T c . These temperature dependences of 51 V NMR and Mn 2+ EPR confirm that BiV0 4 crystal undergoes a second order phase transition at 523 K. 
